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Abstract 
Load rating is a tool that bridge managers can use to address aging assets, increasing 
traffic, and dwindling maintenance budgets.  A standard diagnostic load test is financially 
impractical given the large number of bridges requiring load rating. Conventional load testing 
is intrusive, requiring installation of sensors, disruption of traffic and logistical support during 
the test. 
Optical imaging and digital image correlation techniques have the potential to provide a 
completely hands-off approach for developing an estimate of load rating. The technique has 
the potential of measuring the entire deflection curve during a live load crossing.  Air 
turbulence, vibration, and bridge and optics thermal distortion can have a significant effect on 
performance.  Preliminary data was taken in conjunction with a load test conducted on an 
instrumented bridge to investigate the influence of these effects. The work also compares 
conventional optical imaging using targets mounted on the bridge, with digital image 
correlation using features extracted from the natural texture of the bridge. 
Résumé 
L’evaluation des charges est un outil que les gestionnaires des ponts peuvent utiliser pour 
traiter le vieillissement actif, l'accroissement de la circulation, et la diminution des budgets 
d'entretien. Une norme d’essai de diagnostic de charge est financièrement irréaliste, même si 
un grand nombre de ponts nécessitent l’èvaluation des charges. Les essais classiques de 
charge sont intrusives, nécessitant l'installation de capteurs, la perturbation de la circulation et 
le soutien logistique pendant l'essai. 
L'imagerie optique et les techniques de corrélation numérique de l'image ont le potentiel 
de fournir une method automatique pour une èstimation de la charge. La technique a le 
potentiel de mesurer la courbe de déviation au cours d'une surcharge de passage. Turbulence 
de l’air, vibrations, et thermique du pont et de distorsion optique peuvent avoir un effet 
significatif sur les performances. Les données préliminaires ont été prises en liaison avec une 
charge d’essai effectué sur un pont instrumentè pour étudier l'influence de ces effets. Nous 
avons également comparer les methodes classiques d'imagerie optique utilisant des cibles, 
avec corrélation d'images numériques grâce à des caractéristiques extraites de la texture 
naturelle du pont. 
Keywords 
Digital image correlation, non destructive testing, load rating 
Introduction 
For structural evaluation of bridges, various types of sensor information, such as strain 
distribution, vibration and natural frequencies, and deflection measurements are used to 
generate data that is related to the health and load carrying capacity. Such data is generally 
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used with a finite element model of the structure to attempt to determine the bridge 
performance parameters by solving an inverse problem.  In current practice, these test 
methods generally require mounting transducers, such as strain gauges, on the underside of 
the structure on the bending members.  For bridges over water, the problem of sensor system 
installation is further compounded.  Testing is typically conducting using a known load that is 
parked at known locations on the bridge.  
As a result of the recent advances in sensor technology, including wireless gauges and 
GPS (Global Positioning System) sensors, nondestructive testing is becoming increasingly 
popular in structural health monitoring practices.  Nondestructive tests have been performed 
on several bridges in the last few years.  For several of these projects, an analytical 
component was used evaluate the collected data. The Morristown Bridge on Route 100 in 
Vermont was instrumented with internal temperature and fiber optic strain gauges. Deflection 
measurements were taken using a theodolite during load testing in fall 2003.  The data from 
this load test was used to compare numerical results to material property limits in order to 
determine the health of the bridge [1].  This research project did not include the comparison 
of measured results to a predictive model. 
Traditional deflection measurement methods such as surveying and GPS are difficult to 
implement in the field. The geography and environment of most bridge limit access to bridge 
element for deflection measurements. The case study presented in this paper, the Rollins 
Road Bridge in Rollinsford, New Hampshire used surveying techniques with a digital 
leveling rod to record deflection measurements at the mid-span during a controlled static load 
test.   
Predicative Value of Dynamic Deflection Data  
Typically, model updating procedures that use static measurements involve the post-
processing of strain, displacements and rotations.  Strain and rotation measurements are 
reference independent and therefore lend themselves to field testing of in-service bridges.  
Collecting accurate displacement measurements is more of a challenge.  There are several 
researchers investigating the use of passing vehicles and ambient vibration to dynamically 
excite the bridge structure [2].  Hsieh et al [3] showed close agreement between measured 
modes from forced vibration and ambient vibration field experiments.    
   A major obstacle to successful model updating for condition assessment of in-service 
structures is sparse measurements. Parameter estimation relates measured data to the 
analytical model, giving validity to both the analytical model and the measured test data.  
Aktan et al [4] offer comprehensive studies of the integration of the analytical and the 
experimental sides of parameter estimation.  With recent advancement in computational 
capabilities, more advanced parameter estimation methods have been developed. Farrar et al 
[5] summarize the current, state of the art, damage identification methods using measured 
modal responses. Guo [6] presents a method to improve a structural model using vibration 
test data to identify poorly modeled regions of a structure. High resolution video imaging 
during a live load crossing has the potential to address the underdetermined nature of the 
parameter estimation problem by providing continuous estimates of the entire deflection 
curve. 
Optical Methods and Digital Image Correlation 
In recent years there has been rapid advancement in the resolution and maximum frame 
rate of digital imaging cameras. Digital image correlation techniques [7] permit the 
determination of the transformation between equivalent features in two or more images. The 
method is suitable for global linear transformations as well as regional non-linear distortion. 
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Optical techniques offer the potential to acquire bridge performance data without the need for 
installation of sensors, targets, or other devices on the bridge, and without the need to disrupt 
traffic during measurements. Such optical measurements could be used, in conjunction with 
the crossing of a design load, to produce whole bridge deflection curves from one or both 
sides of the structure. Evidence of the potential of digital imaging techniques is validated by 
several recent works [8]. Other related research includes vision-based high-resolution 
photography (HPR) involving a stationary observation location [9,10].  Largely not addressed 
by the current body of research are the practical issues associated with long distance outdoor 
imaging.  Turbulent air heating changes the refractive index causing the familiar image 
wander and distortion that is seen looking at a distant subject through a telephoto lens.   
Ambient vibration, such as due to a nearby passing train, must be considered.  For the case of 
a static load test that may take several hours, thermal deformations of the structure and the 
digital imaging system must be considered. 
In the context of imaging to measure bridge deflection, the resultant transformation 
between images can have many components, some local and some global.  Wind and thermal 
issues are expected to result in movement of the whole image relative to a fixed reference, 
while air turbulence may cause localized distortion within an image. 
The objective of this work is to assess the utility of cost effective video imaging systems 
and the practical limits of the deflection measurement application due to environmental 
factors. A second objective is to study the effectiveness of digital image correlation 
techniques to eliminate the need for placing targets on the bridge. 
Case Study 
1.1 Rollins Road Bridge Test 
The Rollins Road Bridge was constructed with funding from the FHWA’s Innovative 
Bridge Research and Construction (IBRC) program and opened to traffic in December, 2000 
[11].  The deck of the Rollins Road Bridge consists of high-performance concrete (HPC) 
reinforced with carbon fiber reinforced polymers (CFRP). Over 80 fiber optic sensors, 
measuring strain and temperature, were installed in the CFRP-reinforced concrete bridge 
deck.   The Rollins Road Bridge is 110 feet (33.53 m) long with an eight inch (203.2 mm) 
deck sitting on five steel reinforced New England Bulb Tee (NEBT) prestressed girders see 
Figure 1.  The eight inch (203.2 mm) concrete deck was cast-in-place (CIP) with ½ inch (12.7 
mm) saw cuts creating an effective depth of 7-½ inches (190.5 mm).   
 
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
10.52 m (34 ft. - 6 in.)
NEBT (typ.)
1.40 m (7 ft.-5 in.) (typ.)
200 mm (8 in.)
Concrete Parapet 
(typ.)
See Detail A
Detail A
50 mm 
(2 in.)
1 00 mm
(4 in.)
Top mat FRP
Bottom mat FRP
12 mm (1/2 in.) 
sawcut 6 mm (1/4 inch) roughened 
NEBT surface (typ.)
Location of FRP and concrete strain sensors.
Bay 1 Bay 2 Bay 3 Bay4
50 mm
 (2 in.)
 
Figure 1.  Typical Bridge Cross Section (adapted from Bowman, 2002) 
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1.2 Optical Imaging Setup and Test Procedure 
A digital camera was tripod mounted 30.5 m 
from the bridge along the midspan line with the 
optical axis approximately perpendicular to the 
span (as shown in Figure 2). To stabilize the 
setup during the test, the tripod was set on 
concrete blocks and the camera was controlled 
remotely from a laptop computer.  The effective 
focal length of the telephoto zoom lens was 665 
mm, providing a field of view of 1.73 m x 1.32 m 
at a resolution of 2816 x 2112 pixels.  From the 
imaging geometry the vertical pixel resolution 
was measured to be 0.61 mm using a calibration 
image. A high contrast target consisting of a 
pattern of five 50.8 mm diameter black objects on a white background was placed at mid-
span [12]. A typical image taken during testing is shown in Figure 3. 
Figure 2.  Rollins Road Bridge
1.4.  Description of the Load Test 
Load testing was conducted with the passenger 
wheel of the test truck (total weight ~37.5 kips) 
over girder 5 and bay 3. Four passes were made at 
each lateral position with the truck stopping at 7 
predetermined positions for about a minute at each 
point, with traffic being restricted as measurements 
are being taken. Continuous strain measurements 
were taken during for duration of the experiment 
using a data logging system attached to the bridge. 
Coinciding with the truck stopping and strain 
measurements being taken, displacement 
measurements were taken using standard surveying 
techniques at the vehicle location corresponding to 
the center of gravity over the midspan. In addition, deflection measurements were taken using 
several optical methods. The temperature above and below the deck and ambient temperature 
were taken in order to include thermal effects in the strain measurements.  
Figure 3.  Annotated test image 
1.5.  Digital Imaging Procedure 
At each load position, ten images 
were taken at approximately 0.5-1 fps. 
The weather on the test day was sunny 
with moderate wind gusts. The weather 
provided an opportunity to assess the 
influence of turbulence, wind, and 
thermal heating of the bridge and 
imaging system. A set of no load 
images were taken before and after each 
seven stop load pass.  The images from 
set #5 (load at midspan) were analyzed 
in detail.  Figure 4 shows the composite  Figure 4.  Run #5 Centroid Vertical Motion 
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global target vertical centroid [12] for the 11 minutes required to park the truck at each 
position and take data. The data in Figure 4 includes the load induced deflection as well as 
drift from air turbulence, wind gusts, and thermal effects showing a magnitude of 12 mm over 
the test time. This is to be compared with the measured maximum deflection of 3.8 mm, 
showing that the environmental influence can be significant. In Sipple and Santini-Bell [13], 
it was found that the thermal drift during the 2.5 hour test time was 23 microstrain, while the 
no load to full load variation was 6 microstrain. The precision of the centroiding process is 
estimated to be 0.24 pixels (0.2 mm) at 95% confidence after detrending.  As both the rate 
and direction of the observed drift changed several times it is not likely that thermal effects 
alone are the cause as they would be expected to be monotonic with only slowly changing 
rate [13]. The more likely explanation is shifting of the optical assembly in response to wind 
gusts.  Due to the high magnification used, only 0.01° of vertical rotation can explain the 
magnitude of the observed variability.  
To assess the feasibility of using natural features on the bridge, in lieu of installed targets, 
digital image correlation was applied to six of the images in the set that covered the range of 
inter image motion observed using ten manually selected  ambient features (shown in Figure 
3). Table 1 compares the results for the two methods. The difference is well below the 
environmental effects. 
 
Image #  DIC Vert. Shift (pixels)  Target Vert. Shift (pixels)  Difference (mm) 
364 -21.408  -21.77  0.22 
365 -4.421  -4.73  0.19 
366 -8.276  -8.52  0.15 
367 2.311  2.37  -0.04 
368 7.158  6.72  0.27 
370 6.06  5.08  0.60 
   Mean Difference (mm)  0.16 
 
Table 1. DIC without targets compared to conventional target centroiding 
Turbulence in the air can cause local distortion in the image that can cause increased errors 
in the DIC process.  If distortion is present then features in the images, such as the apparent 
pixel scale factor will change from image to image.  To assess distortion, two computations 
were made.  The standard deviation of the calculated scale factor for the 79 Run #5 images 
was 0.02 pixel, corresponding to 0.01 mm.  An additional indication that localized distortion 
was not significant is the fact that the DIC results agreed very well with the target centroiding 
results. As the DIC features encompassed the entire image while the centroid target occupied 
a small region, consistency between the methods required that any localized distortion be 
negligible. As the method precision is well below the actual observed deflection, the method 
is validated for the application. Calculations based upon the current data suggest that a 
resolution of 2 mm can be achieved for a typical 34 m span using four cameras. 
Conclusions and Future Work 
State of the art vision equipment and algorithms can provide the necessary resolution to 
measure bridge deflection without the need for targets mounted on the bridge. 
The optical system must be of a rugged design shielded from wind effects. The likely 
source of the sensitivity is the long leg tripod.  For better stability, a design using rugged 
short legs is preferred.  In addition the long camera lens should have an additional support 
near the aperture end to minimize the tendency to rotate. 
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To eliminate the influence of atmospheric induced inter-image shifts, the field of view 
must include at least one bridge abutment or pier taken from a second camera or single 
camera with a wide field of view.  The tradeoff, then, is the amount of elastic curve data 
obtained versus the cost of the optical system. 
The ideal imaging conditions may be at night in artificial light after the structure has a 
chance to come to thermal equilibrium [13]. Artificial lighting at night eliminates image 
variability due to sun motion, clouds, and moving shadows. 
Lateral and interior girder displacement can be measured by adding structured light to the 
presented procedure. Future research will assess the utility of this additional information in 
the proposed application. 
Acknowledgements 
The authors wish to thank Jesse Sipple, Research Assistant at UNH, and the New 
Hampshire Department of Transportation without which support this work would not have 
been possible.  
References 
1. Benmokrane, B., El-Salakawy, E., El-Ragaby, A., & Lackey, T. (2006). Designing and 
Testing of Concrete Bridge Decks Reinforced with Glass FRP Bars. ASCE Journal of 
Bridge Engineering , 217-229. 
2.  Yang, Y.B. and Yau, J.D. (2004). “Extracting Bridge Frequencies from the Dynamics Response of 
Passing Vehicles”, Journal of Sound and Vibration, Elselvier, 272(3-5), 471-493. 
3.  Hsieh, K., Halling, M. and Barr, P. (2006). “Comparisons of Excitation Sources for Use in 
Structural Health Monitoring”, Proc. of the 4th World Conference on Structural Control 
and Monitoring,  San Diego. 
4. Aktan A. E., Farhey, D.N., Helmicki, A. J., Brown D. L., Hunt, H. J., and Lee, K.L. 
(1997). “Structural Identification for Condition Assessment: Experimental Arts.” Journal 
of Structural Engineering, ASCE, 123(12), 1674-1684.  
5. Farrar, C. R., et. al. (2003) "Damage Prognosis: Current Status and Future Needs" Los 
Alamos National Laboratory Report LA-14051-MS. 
6. Guo, S.J. (2002). “Improvement of a tail-plane structural model using vibration test data,” 
Journal of Sound and Vibration, 256 (4): 647-663.  
7.  Wikipedia, “Digital Image Correlation”, http://en.wikipedia.org/wiki/Digital_image_correlation 
8. Fuchs, P.A., et. al. (2004). “Laser-based Instrumentation for Bridge Load Testing,” 
Journal of Performance of Constructed Facilities, 18(4), 213-219. 
9. Lee, J.J. and Shinozuka, M. (2006). “A vision-based system for remote sensing of bridge 
displacement,” NDT & E International, Elsevier, 39(2006), 425-431. 
10.  Wahdeh, A. M., Caffrey, J.P., Masri, S. F. (2003). “A vision-based approach for the 
direct measurement of displacements in vibrating systems”, Smart Material Structures,  
2003(12), 7850794.   
11.  Bowman, M.M. (2002). “Load Testing of the Carbon FRP Grid Reinforced Concrete 
Bridge Deck on the Rollins Road Bridge”, Rollinsford, New Hampshire”. M.S. Thesis, 
University of New Hampshire. 
12.  Gamache, Ronald W., "Topographical Mapping System For Radiological 
Environments", Mobil Mapping Conference, Columbus, Ohio, May 1995 
13.  Sipple, J. and Santini-Bell, E. (2009), “Accounting for the Impact of Thermal Loads in 
Nondestructive Bridge Testing,” Proceedings of the TRB Annual Meeting, Washington, 
DC, Jan. 2009 
 6   
 